Abstract The primary aim of this study was to test the association of early (first 6 months) adherence related to diet, self-monitoring, and attendance with changes in adiposity and cardiovascular risk factors. This study used data from the 24-month POUNDS LOST trial that tested the efficacy of four dietary macronutrient compositions for short-and long-term weight loss. A computer tracking system was used to record data on eight indicator variables related to adherence. Using canonical correlations at the 6 and 24 month measurement periods, early behavioral adherence was associated with changes in percent weight loss and waist circumference at 6 months (R = 0.52) and 24 months (R = 0.37), but was not associated with cardiovascular disease risk factor levels. Early dietary adherence was associated with changes in insulin at 6 months (R = 0.19), but not at 24 months (R = 0.08, ns). Early dietary adherence was not associated with changes in adiposity.
There is consensus that adherence to weight management strategies is critical for successful initial weight loss and for long-term weight maintenance (Fappa et al. 2008) . Research on the relationship between adherence and successful weight management has been hampered by two issues: (1) definition of adherence and (2) the complexity of investigating weight and health outcomes associated with a variety of behavioral prescriptions that define lifestyle behavior modification, e.g., dietary recommendations, physical activity goals, self-monitoring activities, and recommendations to attend counseling sessions (Williamson et al. 2010) . In previous research, a common practice for defining adherence has been to select one (or a few) indicators of adherence, e.g., attendance to counseling sessions (Sacks et al. 2009 ) or an index related to following a dietary prescription (Alhassan et al. 2008; Warziski et al. 2008) . This approach for defining adherence assumes that there is a single behavioral dimension that validly defines adherence and therefore, any valid indicator of adherence serves as a proxy for all indicators of adherence.
The complexity of lifestyle behavior change weight management programs has been well documented (Wadden et al. 2006; Williamson et al. 2007 ). Typically, the lifestyle program is described as a ''package'' with many procedural features, e.g., reduction of caloric intake, increased physical activity, self-monitoring, individual and/or group counseling sessions, and problem-solving (Williamson et al. 2005) . The relative importance of adhering to one set of behavioral prescriptions versus another set of prescriptions for the prediction of long-term weight loss has been the focus of relatively few studies (e.g., Warziski et al. 2008) . There is considerable evidence, however, that there is variability in adherence across individuals and across different behavioral aspects of adherence to medical and behavioral prescriptions (Levensky and O'Donahue 2006) . The determinants of this variability have been debated, with hypotheses ranging from individual differences (e.g., Prochaska et al. 2006 ) to environmental determinants (e.g., Heiby and Lukens 2006) as potential causes of variability in adherence to the same weight management program. In the field of weight management, the consequences of poor adherence are well established with most experts in agreement that less than optimal adherence leads to less weight loss and poor weight loss maintenance (Fappa et al. 2008) .
Recently, Williamson and colleagues (2010) provided a potential solution to the definition of adherence based upon multiple behavioral indicator variables. Williamson et al. studied co-variation among different indicators of early (first 6 months) adherence in a randomized controlled trial called the Prevention of Obesity Using Novel Dietary Strategies (POUNDS LOST) study. In this study, factor analysis was used to investigate whether indicators co-varied such that a single dimension was evident or whether the pattern of co-variation among indicators suggested the presence of more than one dimension of adherence. The study identified two dimensions (factors) that accounted for 66% of the variance of eight indicators of early adherence. The two dimensions/factors were called: (1) behavioral adherence-attendance to individual and group counseling sessions and self-monitoring of dietary intake and physical activity, and (2) dietary adherence-deviation from dietary prescriptions for total caloric intake and three macro-nutrients (fat, protein, and carbohydrates). This study was designed to extend to findings of the earlier study (Williamson et al. 2010 ) by investigating the relationship between the two dimensions of early adherence and changes in indicators of adiposity (i.e., body weight and waist circumference) and cardiovascular disease risk factors (i.e., blood lipids, blood pressure, insulin levels, and glucose levels). All outcomes measures were collected at baseline and Months 6 and 24 during the twoyear trial. The primary aim of this study was to investigate the predictive relationship between early adherence to the POUNDS LOST interventions and changes in measures of adiposity and cardiovascular disease risk factors at Months 6 and 24. We hypothesized that higher levels of behavioral and dietary adherence would predict healthy changes in adiposity and improved markers of cardiovascular disease risk at both measurement points.
Method

Participants
The POUNDS LOST trial (Sacks et al. 2009 ) was conducted at two clinical research sites: Boston, MA and Baton Rouge, LA. The study plan (determined by statistical power analysis) called for recruiting 400 participants at each site for a total of 800 volunteers. The inclusion and exclusion criteria for the POUNDS LOST study have been described in detail in other papers (Sacks et al. 2009; Williamson et al. 2010) . Briefly, participants were men and women aged 30-70 years who were overweight or obese (body mass index ranged from 25 to 40) who were otherwise healthy and able to participate in a two-year clinical trial. For the present study, participants were included if they had recorded at least six dietary records in the computer tracking system (n = 683) as summarized in Fig. 1 . Characteristics of these 683 participants at baseline are summarized in Table 1 .
Study design
The POUNDS LOST trial was designed to test the efficacy of four macronutrient diets for weight and fat reduction and improvement of health parameters during a two-year randomized controlled trial. The dietary goals for each of the four dietary interventions: (1) Low Fat (20% of energy), Average Protein (15% of energy); (2) Moderate Fat (40%), Average Protein (15%); (3) Low Fat (20%), High Protein (25%); (4) Moderate Fat (40%), High Protein (25%). All four dietary approaches were low in saturated fat and reduced in total energy intake based on the individual's dietary prescription. A behavioral program of similar programmatic content and intensity across the four dietary interventions was also included. Participants were randomly assigned to the four treatment arms (macronutrient diets), stratified by gender. Randomization by computer occurred after the collection of baseline data and was managed by the study statistician. The timeframe for the study was October 2004 to December 2007. The primary results of the study have been reported (Sacks et al. 2009 ). The study found that changes in weight, waist circumference, and cardiovascular disease risk factors did not differ as a function of macronutrient diet assignment with only two exceptions (greater improvement of high-density lipoprotein and low-density lipoprotein cholesterol in treatment arms associated with prescriptions of low fat diets). The POUNDS LOST study found that all four diets resulted in improved health over a two-year period of intervention. One unique feature of the study was that a computer tracking system was developed to track behavioral indicators of adherence, as reported by counselors and participants, during the two-year randomized controlled trial. This feature of the study allowed for a rigorous test of co-variation among eight indicators of adherence in four different diet programs.
Assessment of adherence using a computer tracking system A computer tracking system was developed specifically for use in this study and was described in detail in an earlier paper (Williamson et al. 2010) . One of the functions of the computer tracking system was to track behavioral indicators related to adherence to the four dietary interventions: attendance at group and individual counseling sessions, for self-monitoring of behaviors and providing feedback to participants and researchers. Dietitians and other study staff members entered data into the computer tracking system via a web-based application each time contact was made with a participant (individual or group sessions, or via telephone, email, or mail). The counselor also entered data consisting of body weight (measured at an intervention session), attendance, and intervention make-up sessions. The counselors based their reports upon direct observation of attendance and self-report records. Participants also used the computer tracking system to enter their self-reported food intake from diet records. The computer tracking system automatically calculated kilocalories from fat, protein, carbohydrate, as well as total kilocalories using nutrient data from the most current US Department of Agriculture database. Participants also entered data related to number of minutes of physical activity per day and number of days of physical activity per week. The formula used to calculate percent deviation from macronutrient and calorie goals was: [(Actual value -Prescribed value)/Prescribed value] 9 100. Deviation scores for fat, carbohydrate, and protein were calculated using percent of calories based upon selfreported information obtained via the computer tracking system. This procedure was designed to evaluate adherence to each diet intervention for each participant based upon his or her unique caloric and macronutrient goals. It should be noted, that since adherence to dietary goals was based upon deviations from prescribed values (not percentages) the macronutrient and caloric deviation scores were mathematically independent.
Dietary treatment interventions
Prior to introduction of dietary interventions, estimated energy needs were calculated using indirect calorimetry to determine resting energy expenditure. Estimated total energy was calculated by multiplying resting energy expenditure by an activity factor (Baecke et al. 1982) . For the weight loss phase of the study, the participant's diet prescription represented an approximate 750 kcal/day deficit from his/her estimated energy intake. The 750 kcal deficit was then rounded to the nearest 200 to provide dietary prescriptions ranging from 1,200 to 3,200 kcal. After a cohort of *48-80 participants was recruited, the four interventions were initiated by randomly assigning participants to one of the four diet interventions. During the intense weight loss phase (Weeks 1-26), participants were offered group sessions 3 out of 4 weeks, whereas during the weight maintenance phase (Weeks 27-104), participants were offered group sessions 2 out of 4 weeks. During the entire two-year program, participants scheduled individual one-on-one visits with a dietitian every 8 weeks. The group sessions, lasting 1 h, provided nutrition education, included behavioral methods to reinforce dietary and behavioral goals, and also provided social support.
Following randomization to one of the four dietary interventions, each participant met one-on-one with a registered dietitian, who instructed the participant on following a specific macronutrient diet prescription. To aid participants in achieving the goals of their assigned dietary regimen, 14 days of individualized menus were developed for each of the four diet treatment arms. At the first group counseling session, the participants received a shopping (9) 50 (10) 52 (9) 51 (9) 51 (9) (4) 33 (4) 32 (4) 33 (4) 33 (4) The baseline characteristics of this table represent the ''ancillary study sample'' that is represented in Fig. 1 . SD Standard deviation, K $1000 list, which was designed for their assigned diet to support efforts in purchasing appropriate foods. Each participant was counseled to use the computer tracking system to track food and drink consumed each week, as well as minutes of physical activity. Body weight was measured at each intervention visit.
Data collection
Computer tracking system. Data related to adherence were recorded on the computer tracking system by either counselors or participants over the course of the study. For the purposes of this study, eight behavioral indicators of adherence to the prescribed interventions were measured:
(1) attendance to individual sessions, (2) attendance to group sessions, (3) frequency of submitting dietary selfmonitoring records, (4) frequency of submitting physical activity records, (5) deviation from total daily kilocalorie goal, (6) deviation from daily protein goal, (7) deviation from daily fat goal, and 8) deviation from daily carbohydrate goal. Each of these variables was summarized over the first 6 months 2 of this two-year study in terms of an average using absolute values (e.g., mean discrepancy from a dietary prescription), or a percentage (e.g., percent of groups attended or percent of self-monitoring records submitted).
Measures of body weight, waist circumference, percent body fat and cardiovascular disease risk factors.
3 The primary outcome variable of the study was change in body weight from baseline to 24 months. Measurements of body weight were also obtained at 6, 12, and 18 months. Waist circumference was measured at baseline, 6, 12, 18, and 24 months. Measurements of body fat were obtained at baseline, 6 and 24 months, and were collected in a 50% random sample using dual x-ray absorptiometry. Cardiovascular disease risk factors (i.e., total cholesterol, highdensity lipoprotein cholesterol, low-density lipoprotein cholesterol, and triglycerides, glucose levels, and insulin levels) were measured at baseline, 6 and 24 months. Blood pressure was measured at baseline, 6, 18, and 24 months.
Statistical methods
As reported by Williamson and colleagues (2010) , of the 811 participants enrolled in the study, 683 participants had six or more food intake entries across the initial 6 months and were included as participants. The current study also analyzed only data from these 683 participants. There were similar numbers of participants in each of the four treatment arms (range = 166-177 participants per arm) that met this criterion (see Fig. 1 ).
Williamson et al. used exploratory and confirmatory factor analyses to investigate co-variation among the eight indicators of adherence. They reported that the factor structure was very similar across the four treatment arms, with two factors emerging for each treatment with identical indicators for each diet type. The two factors that were identified by principal components analysis and found to be stable using confirmatory factor analysis were named: (1) behavioral adherence (defined by attendance to individual sessions, attendance to group sessions, frequency of submitting dietary self-monitoring records, and frequency of submitting physical activity records) and (2) dietary adherence (defined by deviation from total daily kilocalorie goal, deviation from daily protein goal, deviation from daily fat goal, and deviation from daily carbohydrate goal).
The two measures of adherence were defined by summing the scores for each factor using a factor loading of 1.0 for each indicator (percentages for indicators of behavioral adherence and deviation scores for dietary adherence). It should be noted that both factors can be conceptualized as types of ''behavioral adherence'' in weight management programs and that we selected the terms ''behavioral and dietary adherence'' to represent the content of the two factors identified by Williamson et al. (2010) .
The primary aim of this study was to test the predictive relationship between the two dimensions/factors of adherence identified in the earlier study (behavioral and dietary adherence) with changes in body weight, waist circumference, and cardiovascular disease risk factors (i.e., blood pressure, cholesterol, triglycerides, glucose, and insulin). Measurement periods were baseline, 6 and 24 months for all health outcome measures. Additional measurements for body weight, waist circumference, and blood pressure were collected at Month 12 and body weight and waist circumference were also measured at Month 18. To test for associations at each 6 months interval, Pearson Product Moment Correlations were used for all correlations between early adherence factors and changes (from baseline) 2 As reported by Williamson et al. (2010) , computer tracking data from the first 6 months (but not from Months 7 to 24) were analyzed for two reasons: (1) the functionality of the computer tracking system was changed mid-way through the study (after all participants had at least 6 months in the study) and (2) utilization of the computer tracking system diminished over the course of the 24 month study, such that information from the computer tracking system during Months 7-24, is likely from a non-representative sample. 3 Comprehensive descriptions of the methods used to measure these outcome variables are provided in the paper authored by Sacks et al. (2009) . The experimental design of the study called for measurement of percent body fat in a randomly selected sample (50% of the total sample, stratified by site and gender) due to budget constraints and guidance by tests of statistical power. Change scores were selected as the variables to be predicted by early adherence since the principal question concerned the prediction of relative improvement from baseline (by early adherence), not actual levels of outcomes at one or more assessment points in the study.
in health outcomes at each relevant measurement point. Measures of adiposity and cardiovascular disease risk factors were found to be significantly inter-correlated. To control for these inter-correlations and to reduce the total number of correlations that were calculated, canonical correlations between the two adherence measures and changes in measures of adiposity and cardiovascular disease risk factors at 6 and 24 month measurement points were calculated. The results from these canonical correlations were used to test the primary aims of this study since this multivariate approach controls for inter-correlations among outcome variables and includes data from all available participants at two important measurement points (i.e., 6 and 24 months). This statistical approach required the calculation of only two correlations to test the primary aims of the study. All statistical analyses were performed using SAS 9.1.
Results
Changes in body weight, waist circumference, body fat, and health outcomes Table 2 summarizes average baseline levels and changes from baseline in body weight, body fat, waist circumference, and cardiovascular disease risk factors at Months 6, 12, 18, and 24. 4 Note that some measures were not collected at Months 12 and 18, and percent body fat was only measured in a subsample. Weight, waist, and blood pressure were lowest at Month 12, with some recidivism by Month 24.
Correlations between adherence factors and health outcomes Table 3 summarizes the correlations between the behavioral and dietary adherence with changes in health outcomes at each relevant measurement point. These analyses indicated that behavioral adherence was consistently negatively correlated with changes in body weight, waist circumference, and percent body fat at each relevant measurement point. These correlations indicate that greater behavioral adherence (attendance and self-monitoring) during the first 6 months of the two-year study predicted reductions of body weight, waist circumference, and body fat at every relevant measurement period throughout the POUNDS LOST trial. The magnitude of these significant negative correlations ranged from -0.28 to -0.52. Behavioral adherence was also significantly negatively correlated with cardiovascular disease risk factors, but there was less consistency across risk factors and correlations were generally smaller in magnitude (ranging from -0.11 to -0.27).
As can be seen in Table 3 , correlations between dietary adherence and changes in body weight, waist circumfer- Table 2 Means and standard deviations of outcome variables related to adiposity and health at baseline and follow-up visits
Baseline
Change from baseline at M6
Change from baseline at M12
Change from baseline at M18
Change from baseline at M24 Comparison of the data shown in Table 2 to the data reported by Sacks et al. (2009 in Table 2 and Figs. 1, 2) shows that the mean changes in measures of adiposity and health for the subsample in this ancillary study may have been slightly greater than those reported for the full cohort (from either completer or intent-to-treat analyses). We did not test for statistical differences between the subsample and the Footnote 4 continued full cohort, but it is logical based upon the results reported in this paper that a subsample that was more adherent (i.e., entered at least six computer tracking records) in the first 6 months of the intervention would have slightly greater improvement in outcomes related to adiposity and health.
ence, and body fat were also significant for most statistical tests, but were smaller in magnitude in comparison to similar correlations involving behavioral adherence (correlations ranged from 0.04 to 0.24). Correlations between dietary adherence and changes in cardiovascular disease risk factors were also smaller and less consistently significant (correlations ranged from -0.04 to 0.15).
Canonical correlations between adherence factors and health outcomes
There was considerable co-variation among the health outcome variables, with correlations at each measurement point ranging from 0.00 to 0.82 at Month 6 and 0.00 to 0.88 at Month 24. We computed canonical correlations to statistically control for co-variation among adherence variables and health outcome variables 5 at Months 6 and 24
and to reduce the total number of correlations. Table 4 summarizes the findings at Month 6. Two significant canonical correlations were found between early (first 6 months) adherence and health outcomes after this time period, i.e., Month 6. The first canonical correlation (R = 0.52) was between behavioral adherence and changes in body weight and waist circumference. The second significant canonical correlation (R = 0.20) was between early dietary adherence and changes in insulin levels at Month 6. Table 5 summarizes the results of the canonical correlation analysis at Month 24. Only one significant correlation was found (R = 0.37). This correlation was between early behavioral adherence and changes in body weight and waist circumference at Month 24. The correlation between dietary adherence and health outcomes was not statistically significant (R = 0.08).
Discussion
Adherence to lifestyle interventions is generally viewed as central to their efficacy for weight management (Fappa et al. 2008) . Because lifestyle interventions involve multiple behaviors as targets for change, it is unclear which aspects of adherence are most important for long-term weight loss and weight loss maintenance. The primary aim of this study was to test the association between early (first Bold type indicates a significant correlation (P \ 0.01). * Significant at .01 level; ** significant at .001 level Also, note that higher scores for behavioral adherence indicate greater adherence and for dietary adherence, lower scores indicate greater adherence. D Change, WT% percent weight, WC waist circumference, SBP systolic blood pressure, DBP diastolic blood pressure, GLU glucose, INS insulin, LDL low-density lipoprotein cholesterol, HDL high-density lipoprotein cholesterol, TRIG triglycerides 5 As noted in the statistical methods section and as illustrated in Tables 2 and 3 , data for body weight, waist circumference, and all health outcome variables were only collected at Months 6 and 24. Furthermore, percent body fat was only measured on 50% of the cohort. For these reasons, the canonical correlations were computed only at Months 6 and 24 and did not include percent body fat as a measure of changes in adiposity. It is noteworthy that in this smaller sample, changes in percent body fat were correlated with behavioral adherence at Month 6 (r = -0.45) and at Month 24 (r = -0.41). Also, the investigators calculated separate canonical correlations for participants in each of the four treatment arms of the POUNDS LOST study and found very similar results, i.e., two canonical correlations for both 6 and 24 month measurement periods, with behavioral adherence predicting adiposity outcomes, but not cardiovascular disease outcomes (R values at 6 months ranged from 0.51 to 0.58, P values \ 0.001; R values at 24 months ranged from 0.41 to 0.43, P values \ 0.07). With one exception, the canonical correlations for dietary adherence were not significant (R values ranged from 0.16 to 0.34, P values [ 0.20) . The only exception was in the Moderate Fat/ High Protein treatment arm at 6 months; dietary adherence was associated with changes in insulin (R = 0.40, P \ 0.01). It is Footnote 5 continued important to note that statistical power for these within-treatment arm correlations was substantially lower than the primary findings reported for the entire study cohort. Nevertheless, the overall pattern of findings, especially pertaining to the relationship between early behavioral adherence and changes in adiposity is remarkably similar across all levels of analysis.
J Behav Med (2010) 33:305-314 311 6 months) adherence to the interventions tested in the twoyear study and weight and health outcomes measured at 6 and 24 months. A previous study (Williamson, et al., 2010) identified two factors of adherence associated with the POUNDS LOST study and they were named behavioral and dietary adherence. In this follow-up study, we tested the predictive validity of these two dimensions of adherence for weight loss and improvement of health outcomes at 6 month intervals across the two-year study. Correlations between behavioral adherence and changes in body weight, waist circumference, and body fat percent were statistically significant at each measurement point. Correlations between dietary change and changes in body weight, etc. were much weaker. Canonical correlation analyses confirmed these associations between behavioral adherence and changes in body weight and waist circumference at Months 6 and 24. Canonical correlation analysis also found that dietary adherence was uniquely correlated with reductions in insulin levels at Month 6, but not Month 24.
Based upon these findings, we concluded that early adherence (in this case, the first 6 months) to structured interventions that target improved nutrition, increased physical activity, and weight loss are important for achieving both short and long-term weight management. This observation begs the question: Why is early adherence a strong predictor of later weight loss outcomes? Although the findings of this study do not offer a definitive answer to this question, our findings support the view of many behavioral experts who believe that following the guidelines of a weight management program during the initial period of treatment has a variety of long-term effects that ultimately result in a favorable weight loss outcome (Fappa et al. 2008; The Look AHEAD Research Group 2006; Wing 1998 ). However, few research studies have directly addressed this question. Some of the possible consequences of early adherence have been discussed and some of the more plausible explanations include: (1) early adherence strengthens healthy lifestyle habits that are later maintained by changes in the physical and social environment (Wing 1998) , (2) early adherence improves self-efficacy that ultimately yields better long-term weight management (Warziski et al. 2008) , and/or (3) executive function resources are strengthened by adhering to the program, thereby resulting in long-term weight management selfregulatory skills that were previously weaker (Hall et al. 2008 ). An alternative hypothesis is that pre-existing psychological factors, e.g., conscientiousness, favor the establishment of early adherence in individuals that are predisposed to engage in healthy behavior (Bogg and Roberts 2004) . Further research on these potential mediating factors between early adherence and weight management will be required to investigate these hypotheses.
Another intriguing aspect of the study concerns the finding that a set (i.e., not just one behavior) of behavioral indicators of adherence predicted short and long-term weight loss. This finding raises the question of whether one behavioral indicator might be more important than others in predicting long-term weight loss. An answer to this question comes from the factor analytic findings of Williamson et al. (2010) . This study reported the identification of the behavioral adherence dimension using both exploratory and Williamson et al. (2010) , the factor analytic results suggest that co-variation among these four indicators was remarkably high. This finding of strong co-variation suggests that if an individual is likely to attend counseling sessions, the person is also likely to regularly engage in selfmonitoring of his/her dietary and physical activity behaviors. From a clinical perspective, the finding of strong co-variation among these behaviors suggests that a program that promotes and reinforces any one of the behaviors will yield improvement in the other behaviors. This intriguing possibility warrants further investigation. In summary, early behavioral adherence was found to be consistently associated with short-term and long-term weight management. This finding suggests that regular attendance to counseling sessions and self-monitoring of diet and exercise during the first 6 months of intervention significantly predicted changes in body composition in a two-year clinical trial. These results suggest that promotion of optimal adherence to behavioral components of the intervention may be very important for both immediate and long-term changes in body weight and other indicators of adiposity, e.g., waist circumference and percent body fat.
Limitations of the study include: (1) the study focused exclusively upon adherence to a weight management program with four different types of macronutrient diets, (2) a limited number (eight) of indicators of adherence were selected for study, (3) the self-reported caloric intakes may have been underestimated, (4) the study sample was highly selected and recruited at two clinical research sites and cannot be regarded as a representative sample of adults or even overweight/obese adults in the US e.g., the study sample had a majority of women and Caucasian participants, (5) physical activity was not adequately studied due to the design of the parent study that intentionally deemphasized changes in physical activity and emphasized adherence to the four macronutrient diets that provided very specific dietary prescriptions, and (6) the four dietary interventions of this study were, by definition, designed to enhance adherence to all aspects of the intervention. It is, therefore, unknown whether the same factor structure would have emerged in a less structured medical, dietary, or behavioral regimen, e.g., only providing brief counseling to change diet and exercise. These findings require replication in other health behavior change trials and clinical settings that focus on other health concerns and employ different interventions and study different indicators of adherence. Based upon these preliminary results from the POUNDS LOST study, we conclude that early behavioral adherence was predictive of short-term and long-term changes in indicators of adiposity (i.e., body weight and waist circumference). We encourage investigators to test this predictive relationship in new studies that require adherence to a variety of medical procedures and include other behavioral prescriptions, e.g., explicit instructions to increase physical activity and/or improve physical fitness.
